The processive movement of single-headed kinesins is studied by using a ratchet model of non-Markov process, which is built on the experimental evidence that the strong binding of kinesin to microtubule in rigor state induces a large apparent change in the local microtubule conformation. In the model, the microtubule plays a crucial active role in the kinesin movement, in contrast to the previous belief that the microtubule only acts as a passive track for the kinesin motility. The unidirectional movement of single-headed kinesin is resulted from the asymmetric periodic potential between kinesin and microtubule while its processivity is determined by its binding affinity for microtubule in the weak ADP state. Using the model, various experimental results for monomeric kinesin KIF1A, such as the mean step size, the step-size distribution, the long run length and the mean velocity versus load, can be well explained quantitatively. This local conformational change of the microtubule may also play important roles in the processive movement of conventional two-headed kinesins. An experiment to verify the model is suggested.
Introduction
Kinesins are motor proteins that play essential roles in intracellular vesicle transportations [1] [2] [3] . Wild-type kinesins fall broadly into two classes. One is that of dimers such as the conventional kinesin (kinesin-1) with two motor heads. The other one is that of monomers such as the unconventional kinesin KIF1A with a single motor head. Both conventional two-headed kinesin and unconventional single-headed KIF1A are experimentally shown to be able to move processively along microtubule (MT) towards the plus end [4] [5] [6] [7] [8] [9] [10] .
For the conventional two-headed kinesin, it has been determined that the dimer advances stepwise over the MT surface lattice in 8 nm increments. It can exert a maximal force of 5-8 pN and its velocity can reach 1 μm/s at low load [6, [11] [12] [13] . Using different experimental methods, many aspects of its dynamic properties such as the mean velocity, randomness, mean run length, backward stepping and limping behaviors have been extensively studied [5, 6, 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Meanwhile, to understand the mechanism of its processive movement, many models have been proposed. The prevailing one is the hand-over-hand model, in which it is supposed that the dimer maintains continuous attachment to MT by alternately repeating single-headed and double-headed bindings [4, 20, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Adjacent tubulin heterodimers on MT serve as the consecutive binding sites. This model is supported by recent experiments revealing that a given head of the dimer is displaced in discrete steps with a mean size of 16 nm [20, 34] .
Among single-headed kinesins, the wild-type KIF1A was experimentally demonstrated to be capable of moving processively along MT [9, 10] . In contrast to the dimers, the step size of the monomers is distributed stochastically around multiples of 8 nm with a Gaussian-like envelope of ∼ 15 nm half-width and a single KIF1A molecule can only exert a maximal force of ∼0.15 pN [42] . Interestingly, among truncated single-headed conventional kinesins, one was also observed by Inoue et al. [43, 44] to move processively along MT, similar to KIF1A, while others were experimentally shown to have very low or no processivity [45] [46] [47] [48] .
Theoretically, the unidirectional movement of kinesin monomers is usually described by the thermal ratchet model of a Markov process [9, 10, 42, [49] [50] [51] . In this model, the monomer is viewed as a Brownian particle moving in a periodic but spatially asymmetric potential. The change of nucleotide states of the motor induces a potential switching between "on" and "off", which breaks the balance and thus makes the unidirectional movement become possible. Using this model, however, it is difficult to understand the high processivity such as that observed for KIF1A [9, 10] , because the time duration of the weak ADP state (i.e., "off" potential state) is of the order of milliseconds [33, 42, 52] during which the motor should be most probably detached away from MT. An alternative thermal ratchet model that was proposed recently by us is of non-Markov process [53] , where the fluctuation perturbation to the local potential between kinesin and MT is introduced. However, the experimental evidences to the perturbation of local potential have not been discussed and some important dynamics behaviors of the single-headed kinesin such as the processivity have not been touched in the previous work [53] .
Here, we improve the thermal ratchet model of the nonMarkov process we previously proposed [53] and explore the processivity of the single-headed kinesin. It is supposed that the previously observed local conformational change of MT induced by the strong binding of kinesin [54] plays a crucial active role in the unidirectional movement of single-headed kinesin, rather than that the MT acts only as a passive track as commonly believed. The processivity of kinesin is determined by its binding affinity for MT in the weak ADP state: no processivity for very weak binding affinity and a high processivity for relatively strong affinity. The processivity and the diffusion coefficient, both of which are determined by the motor track interaction in ADP state, are in good agreement with the experimental results. Detailed comparisons between the new and previous models are given.
Interaction potentials of a kinesin head with MT
From experimental evidences, it is known that the interaction between a kinesin head and MT depends on its nucleotide state. Generally, in nucleotide free, ATP or ADP.Pi states, the kinesin head has a strong interaction with MT, whereas in ADP state, it has a weak interaction with MT [57] [58] [59] . In detail, we describe the evolution of the interaction potential between the kinesin head and MT during one ATPase cycle as follows.
We start with the kinesin head binding strongly to MT in nucleotide-free state, with the interaction potential being written as V s (x,y) = V s (x) (x)exp[−(y − y 0 )/a] (y ≥ y 0 ), where V s (x) (x) ≤ 0 (with the maxima equal to zero) represents the potential between the kinesin head and MT along a MT protofilament (or the longitudinal direction) and is schematically shown in Fig. 1a . The term exp[−(y−y 0 )/a] denotes the potential change in the vertical direction, with a characterizing the interaction distance. Note that, due to the steric restriction of MT, the position of the motor is confined to the region y ≥ y 0 . This form of potential in the vertical direction means that when the kinesin is very far away from the MT there is no interaction force between them; as kinesin approaches the MT the interaction force increases and then attains a maximum when the kinesin contacts the MT (i.e., when y = y 0 ). This potential is similar to the Morse potential that describes the van der Waals interaction. The asymmetric potential V s (x) (x) in Fig. 1a is due to the asymmetric charge distributions on the interacting surfaces of both the MT-tubulin heterodimer and kinesin head.
Then ATP binding and hydrolysis occur while kinesin remains strongly bound to MT, with the interaction potential still being described by V s (x) (x,y). Immediately after Pi release, the interaction potential becomes the one that can be written as Fig. 1b . Note that, for the ADP-kinesin, the binding affinity of the local binding site of MT at which the kinesin head is binding becomes even weaker than the other binding sites. After a period of time, t r , the affinity of the local binding site of MT for ADP-kinesin relaxes to the normal value and the interaction potential V w (x) (x) becomes that as schematically shown in Fig. 1c . The explanation to the evolution of the binding affinity of MT for kinesin after Pi release is given as follows.
An important argument is that, in nucleotide-free, ATP or ADP.Pi state, the strong interaction between kinesin and MTtubulin heterodimer induces a conformational change in the MTtubulin heterodimer, which is supported by the experiment of Hoenger et al. [54, 55] , where a fairly large apparent change in tubulin conformation due to ncd as well as kinesin binding was reported. The cryoelectron microscopy observations by Hirose et al. [56] also suggested that most of the change is restricted to parts of the tubulin dimer in closest contact with a bound motor domain. This argument of the conformational change in MT is similar to the case of myosin binding strongly to actin, where it had been acknowledged that the strong interaction of myosin with actin results in structural changes for several actin monomers nearby the binding site [60] . This conformational change of the local MT-tubulin heterodimer leads to a change in its surface charge distribution, making it different from other unaffected tubulin heterodimers. Thus the interaction potential of the local tubulin heterodimer for the ADP-kinesin should be different from that of the other unaffected tubulin heterodimers. As shown from previous works, the kinesin in ADP state has a different conformation near its MT-binding site from that in ATP (or ADP. Pi) state [61, 62] and thus the ADP-kinesin has weak interaction with the unaffected tubulin heterodimers of MT [57] [58] [59] . Therefore, the ADP-kinesin should either have a further weaker interaction or have a stronger interaction with the local tubulin heterodimer than with the other unaffected tubulin heterodimers. Here it is reasonable to assume that the ADP-kinesin has a further weaker interaction with the local tubulin heterodimer. In a time of t r after detachment of the ADP-kinesin, the local tubulin heterodimer relaxes to its normal conformation and, therefore, the interaction potential V w (x) (x) changes from that schematically shown in Fig. 1b to that in Fig. 1c . This argument is similar to that we have assumed for the interaction between myosin and actin [63] .
It is worth mentioning that, although it had been acknowledged that the large conformational change of MT induced by kinesin binding might indicate a very active role for tubulin in motor movement [54, 55] , the details of the role have remained undefined. As we will show later, it is based on the conformationalchange-induced reduction of the interaction between the kinesin head and the local binding site on MT that single molecules of single-headed kinesin are capable of moving processively along MT with a high mechanochemical coupling efficiency. Moreover, based on the same effect of the local conformational change of MT, the partially-coordinated hand-over-hand model that we previously proposed for conventional two-headed kinesins showed good quantitative agreement with available experimental results [38] [39] [40] .
Biased binding of a kinesin head to MT
Previous experiments showed that a single-headed kinesin (either a native unconventional kinesin KIF1A or a truncated conventional kinesin) binds to MT with a biased displacement, δ bind , towards the plus end of MT [42, 48] . Based on the potentials given in Fig. 1 we give an explanation to this phenomenon as follows.
Before binding to MT, the kinesin in nucleotide-free, ATP or ADP.Pi state is positioned evenly along MT. Upon binding to MT the kinesin will be driven rapidly to the potential minima. Thus from the potential V s (x) (x) shown Fig. 1a the mean bindinginduced rapid displacement can be written as
where d = 8 nm is the period of MT and α is the distance as defined in Fig. 1a . If we take α = 2 nm we obtain δ bind = 2 nm from Eq. (1), and if α = 1 nm we have δ bind = 3 nm. These are close to the measured values of 2.8 ± 0.8 nm for KIF1A [42] and 3.5 ± 0.9 nm for truncated single-headed conventional kinesin [48] .
Mathematical approach to processive movement of single molecules
Based on the evolution of the interaction potential presented previously ( Fig. 1) , the kinesin movement during one ATPase cycle can be divided into the following two periods.
(i) Dwell period \ kinesin in nucleotide-free, ATP and ADP.
Pi states, with the interaction potential given by
is schematically shown in Fig. 1a . In this period, ATP binding, ATP hydrolysis and Pi release occur sequentially, while kinesin remains its strong binding to MT at a potential minimum. This period corresponds to the dwell time in the stepwise movement of kinesin, which is dependent on the ATP concentration as observed by Okada et al. [42] .
(ii) Stepping period \ kinesin in ADP state, with the interaction potential given by
is schematically shown in Fig. 1b for t ≤ t r and becomes the one as shown in Fig. 1c for t N t r . This period corresponds to the ADP-release time (or inverse of ADP-release rate). It also corresponds to the stepping time of kinesin in its stepwise movement and is independent of ATP concentration, which is in agreement with the experimental observation [42] .
During this stepping period, the position of kinesin satisfies the following Langevin equations
Here the drag coefficient is Γ =6πηr, where η =0.01 g cm
is the viscosity of the aqueous medium and the kinesin is approximated as a sphere of radius r =3 nm. ξ m (t) (m =x, y) is the fluctuating Langevin force, with hn m ðtÞi ¼ 0 and hn m ðtÞn n ðt V Þi ¼ 2k B T dCdd mn dðt À t V Þ, where k B is the Boltzmann constant and T =300 K. Eqs. (2a,b) is applicable to the case with no bead attached to the kinesin, as in experiments of Okada and Hirokawa [10] and Inoue et al. [44] . Then we consider the case that a bead with a radius of R = 100 nm is linked to the kinesin, as in the experiment of Okada et al. [42] . The kinesin-bead link is represented by an elastic linear spring with a spring constant c. Now, for simplicity, we only consider the movement in the dimension along MT. The positions of the kinesin and the bead along MT are denoted by x and X, respectively. Then during the stepping period of kinesin, x and X satisfy the following Langevin equations
where F load is the external load acting on the bead and N(t) is the fluctuating Langevin force acting on the bead, with hNðtÞi ¼ 0 and
5. Results
Kinesin without an attached bead
To study the processivity of single-headed kinesin, we solve Eq. (2a,b) numerically by using stochastic Runge-Kutta algorithms [64] . The transition rates between different states as shown in Fig. 1 are taken as uniform in space. To satisfy the requirement of y ≥ y 0 due to the steric restriction of MT, in the calculation we add a constant term of 10 pN on the right-hand side of Eq. (2b) whenever y b y 0 . To be consistent with the experimentally measured ADP-release rate of kinesin, k 4 ≈ 250 s − 1 [33, 52] , we take the mean stepping time (i.e., the total mean weak-binding time in both the state as shown in Fig. 1b and that as shown in Fig. 1c ) as τ weak =1/k 4 = 4 ms. This value is consistent with the measured mean stepping time (≈4 ±1 ms) for KIF1A [42] . Furthermore, to be consistent with the experimental result ( Fig. 2c in Okada et al. [42] ), in the calculations the stepping time is taken stochastically while satisfying a single-exponential distribution (i.e., ke −kt ) with k = k 4 . For simplicity, the relaxation time t r (i.e., the inverse of the transition rate from the state as shown in Fig. 1b to that as shown in Fig. 1c ) is taken as a constant value of 2 ms unless otherwise mentioned. As we will see later, the results for the step-size distribution using this value of t r = 2 ms are consistent with the experimental results [42] . This value of t r is also consistent with the fact that conformational changes of large biomolecules typically occur on the millisecond time scale.
In Fig. 2a we show a typical calculated result for the trace of movement of the kinesin at saturating ATP concentration with E ADP = 13 k B T, α = 3 nm and a = 1 nm, where we take the ATPturnover rate k c = 60 s − 1 (i.e., the mean dwell time t dwell = 1/k c − 1/k 4 = 12.67 ms). Similar to the weak-binding time discussed above, the dwell time (i.e., the transition time from the state as shown in Fig. 1a to that as shown in Fig. 1b) is also taken stochastically while satisfying a single-exponential distribution with the rate k = 1/12.67 ms − 1 . It is seen from Fig. 2a that, for t b 3.7 s, the kinesin is bound to MT and moves unidirectionally along MT; at t = 3.7 s, the kinesin is detached from MT and then becomes diffusing freely. Fig. 2b shows some calculated results for the traces of movement along MT at saturating ATP concentration, which show good resemblance to the experimental ones (Fig. 4C in Okada and Hirokawa [10] and Fig. 2d in Inoue et al. [44] ). With the same parameter values in Fig. 2a and b , we calculate the distribution of step size, with the result shown in Fig. 2c . It is noted that the distribution without considering the steps at − 4 nmb x b 4 nm has a Gaussian-like form with the [10] . The processive movement of the kinesin can be characterized by two parameters, the mean step size, S, and the dissociation probability per step, P. The former is related to the mean velocity of the unidirectional movement and the latter to the mean run length. It is interesting to study the dependence of these two parameters on the three parameters characteristic of the interaction potential V w (x,y), i.e., α, E ADP and a. Numerical results show that the mean step size S is nearly independent of E ADP and a but is sensitive to α; while the dissociation probability P is insensitive to α and a but is sensitive to E ADP . In Fig. 3a we show the mean step size S versus α. As anticipated, the mean step size decreases with the increase of α until α = 4 nm, at which the kinesin becomes diffusing nondirectionally. In Fig. 3b we show the dissociation probability P versus E ADP . It is seen that, generally, the dissociation probability decreases with the increase of E ADP . Thus the processivity of kinesin is reduced with the decrease of the binding affinity of kinesin to MT in the weak ADP state, which is consistent with the experimental results [10] . Interestingly, it is seen that, for E ADP ≤ 8 k B T, the dissociation probability P becomes very large (N 45%), implying that even for the binding affinity of kinesin in weak ADP state as large as 8 k B T the single-headed kinesin still has a very low processivity or is nonprocessive. For E ADP ≥ 8.5 k B T, the dissociation probability P decreases exponentially with E ADP , in agreement with the Kramers theory [65] . At E ADP = 13 k B T, which is the same as that determined in Fig. 2 for KIF1A, the dissociation probability P ≈ 0.75%, meaning that the single-headed KIF1A can take, on average, more than one hundred steps before detaching from MT, which is also consistent with the experiment of Okada and Hirokawa [10] .
Kinesin with an attached bead
Next we study the movement of single molecules of singleheaded kinesin with an attached bead. As done in the experiment [42] , we now monitor the movement of the bead rather than that of the kinesin head. The displacement of the bead, X, can be calculated by solving Eq. (3a,b). The elastic coefficient c of the kinesin-bead link is unavailable experimentally. Here we will determine its value by comparing the calculated results with the experimental results for KIF1A [42] . For this purpose, we still take α = 3 nm as in Fig. 2 and E ADP = 12.5 k B T that is very close to 13 k B T as taken in Fig. 2 . It is mentioned here that, in the limiting case of the elastic coefficient, i.e., c → ∞, the results are reduced to those given in Xie et al. [53] .
We calculated the step-size distribution of the bead under no load for various t r . It was shown that, for any values of t r , the distributions without considering the steps at − 4 nmb x b 4 nm have Gaussian-like forms with half widths of about 20 nm, which is consistent with the experimental results [42] . As t r increases, the probability of futile ATP hydrolysis (i.e., the occurrence frequency of steps at − 4 nm b x b 4 nm) decreases. The result at t r = 2 ms is shown in Fig. 4a , where c = 0.8 pN/nm. It shows that the probability of futile ATP hydrolysis is about 5%, which is consistent with the experiment [42] . Thus in the present work we take t r = 2 ms. To see the effect of the load on the step size distribution, in Fig. 4b we show a typical result for F load = − 0.2 pN, where F load is defined as positive when it is minus-end pointed. It can be noted that the distribution still has a Gaussian-like form with approximately the same half width as that in Fig. 4a , but the mean step size is increased. This is also in agreement with the experiment [42] .
In Fig. 5a we show several typical results for the dependence of mean step size S on load with different values of the elastic coefficient c, where, for clarity, only lines fitting to the numerical results are shown. It is seen that for any value of c the curve of S versus load is linear, but the slope of the linear curves depends on the value of c. The linear dependence of the mean step size on load can be understood as follows: based on the present model, for the very small value of F load , i.e., |F load | ≤ 0.4 pN, the mean step size is mainly dependent on (or proportional to) the difference between the probability of the motor diffusing to the right potential well and that to the left well in Fig. 1b after the potential switches from Fig. 1a to b . Since in the range between the two dashed lines in Fig. 1b the potential is flat, the probability for the motor to diffuse to the right potential well increases while that to the left potential well decreases approximately linearly with the increase of the forward load, thus resulting in an approximately linear increase of the mean step size with the forward load. Furthermore, it is seen from Fig. 5a that the slope of the linear curves decreases as c decreases. At c = 0, the slope is reduced to zero, meaning that the mean step size is independent of the external force acting on the bead. This is because at c = 0 the bead and the motor is uncoupled and thus the external force acting on the bead has no effect on the kinesin. The mean step size of about 2.9 nm corresponds to the value in the absence of the cargo. We find that, at c = 0.22 pN/nm, the curve (dashed line in Fig. 5b ) is in good agreement with the experimental result for BCCP-A382 (the bead attached to the N terminus); while at c = 0.8 pN/nm, the curve (solid line in Fig. 5b ) is in good agreement with the experimental result for A382-BCCP. This value of c = 0.8 pN/nm is also close to the value (∼1.3 pN/nm) determined from the stepsize distribution with high spatial resolution (see the supporting information). That means that the elastic coefficient of the Nterminal residues is about 0.22 pN/nm and that of the neck linker is about 0.8-1.3 pN/nm. From Fig. 5b , it is seen that under the force of about 0.15 pN the mean step size becomes zero and thus the mean velocity equals to zero. This value corresponds to the stall force and is the same as the measured value [42] .
As noted in the previous section, the total period for one step (or one ATPase cycle) is t total = t dwell + t stepping . Here the dwell period t dwell = 1/(k b [ATP])+1/k 2 +1/k 3 , with k b being the ATPbinding rate, k 2 the ATP-hydrolysis rate and k 3 the Pi-release rate, and the stepping period is t stepping = 1/k 4 . Thus the mean velocity of the kinesin is
where k c = (1/k 2 + 1/k 3 + 1/k 4 ) − 1 is the ATP-turnover rate. Eq. (4) is the well-known Michaelis-Menten relation.
When a force, F, is acting on the kinesin, the chemical reaction rates k i (i = b, 2, 3, 4) satisfies the general Boltzmann equation [16, [38] [39] [40] 
where δ i is the characteristic distance for the rate k i . For the single-headed kinesin, F = F load . Using Eqs. (4)- (5) and the mean step size determined in Fig. 5 for A382-BCCP, the experimentally measured velocity of A382-BCCP versus load for different ATP concentrations [42] can be fitted well, with the results shown in Fig. 6a . The fitted parameter values are given in Table 1 . Note that the fitted ATP- 
Discussion
In this work, with a new ratchet model the processivity of the single-headed kinesin molecules is studied. A crux in the model is that the local conformational change of MT induced by the strong binding of kinesin plays a very active role in the motility of the single-headed kinesin, in contrast to the previous belief that the MT only acts as a passive track for the motility of kinesin. In our previous works [38] [39] [40] this local conformational change of MT has also been supposed to play an important role in the processive movement of conventional two-headed kinesins that walk in a partially-coordinated hand-over-hand manner. Using the present model, various experimental results for KIF1A, such as the mean step size, the step-size distribution, the long run length and the mean velocity versus load, are well explained quantitatively. The very smooth and unidirectional movement of truncated single-headed kinesin K351 fused with BDTC can also be well quantitatively explained by using the model (see the supporting information).
It is interesting to compare the present ratchet model with other ratchet models given in the literature. Here we discuss two typical and prevailing models, in which the interaction potentials are shown in Figs. 7 and 8 [49, 50] .
First, we compare our model ( Fig. 1 ) with that given in Fig. 7 . To obtain a net unidirectional movement, both models have the two prerequisites: an asymmetric periodic potential and a dichotomously perturbation to it. However, in the model given in Fig. 7 , the perturbation extends to the global potential, which is induced by the conformational change of the motor following a change in its nucleotide state, and the effect of the local conformational change of MT induced by the strong binding of kinesin [54] has not been considered; whereas in our model the fluctuating perturbation extends both to the global potential and to the local potential where the kinesin is bound. The perturbation to the global potential gives a Markov process while the perturbation to the local potential gives a non-Markov process.
Due to the different perturbations to the potential, the two models show the following distinctions: (i) The MT-binding affinity of the motor in ADP state in our model (Fig. 1b and c) ensures that the motor can move along MT for many steps. However, the motor under the negligibly small interaction with MT in ADP state in the previous model (Fig. 7b) can be easily detached away from MT by the thermal noise (see Fig. 3b ) and thus the model cannot explain the long run length observed for some single-headed kinesins such as KIF1A. In fact, in order to have the high processivity as observed in experiments [10] for the previous model, one should consider the potential of the motor in weak ADP state with E ADP = 13 k B T instead of E ADP ≈ 0 in Fig. 7b . In other words, one should consider the switching of the potential between the form as shown in Fig. 7a or Fig. 1a (strong binding of kinesin to MT) and that as shown in Fig. 1c (weak binding of kinesin to MT) instead of the switching between that as shown in Fig. 7a and that as shown in Fig. 7b . However, with E ADP = 13 k B T, it is verified that the movement of the motor becomes nearly directionless at any value of α (see the supporting information). This is because in the weak-binding state (Fig. 1c ) the jumping rate of the Brownian particle from one potential well to another well is dependent only on the height of the barrier between them and thus the jumping rates to the left and right wells are equal.
(ii) In our model the theoretical value of the diffusion coefficient D = 43,000 nm 2 /s at saturating ATP concentration is in good agreement with the measured value of about 44,000 nm 2 /s [10] . The theoretical value of D = 34,300 nm 2 /s at saturating ADP concentration (see the supporting information) for KIF1A is also close to the measured value of about 40,000 nm 2 /s [10] . However, under the negligibly small interaction with MT in ADP state in the previous model (Fig. 7b) , the diffusion coefficient as calculated by D = k B T/6πηr is about 7.5 × 10 7 nm 2 /s, which is much larger than the measured value. (iii) The present model gives a much more efficient mechanochemical coupling than the previous model. For example, in the present model about 3 ATP molecules are consumed (or 3 steps) for a forward movement of 8 nm with an asymmetry ratio of 5:3 (i.e., α = 3 nm) for the potential (see Fig. 3a) ; whereas in the previous model about 56 ATP molecules are required for a forward step of 8 nm even with a larger asymmetry ratio of 7:1 for the potential [49] . (iv) In our model the mean net transport velocity is independent of the weak-binding time and the weak-binding time only determines the width of the step-size distribution; whereas in the previous model the mean net transport velocity is sensitive to the weak-binding time and only an appropriate choice of the weakbinding time can give a high mean net transport velocity.
Then we discuss the model given by Fig. 8 . It is obvious that this model can give a nearly 1:1 mechanochemical coupling, i.e., one step of 8 nm per ATP molecule, which is the most efficient among the three models. However, the results deduced from this model are not in agreement with the experiments for singleheaded kinesins presented in the literature. For example, in order to be consistent with the measured diffusion coefficient of about D = 40,000 nm 2 /s for KIF1A at saturating (2 mM) ADP [10] , the potential depth should be about E ADP = 13 k B T (see supporting information). By taking this value of E ADP , the backward load that make the mean step size equal to zero is calculated to be at least F load = 13 k B T/(1−α) = 10 pN, where α = 3 nm. This value is much larger than the measured stall force of 0.15 pN [42] . In fact, from the measured stall force of 0.15 pN, one obtains that the potential depth is at most E ADP = 0.18 k B T, which becomes nearly the same as the model given in Fig. 7 . In fact, the model given in Fig. 8 is more suitable to describe the processive movement of two-headed kinesins modeled in Xie et al. [38] [39] [40] (see the supporting information): The potential in Fig. 8a describes the rigor state with both heads bound strongly to MT, as shown in the top of Fig. 8 . The potential in Fig. 8b describes the state with one head bound strongly to MT and the other head detached, with the potential well corresponding to the minimumfree-energy equilibrium state of the dimer as shown in the bottom of Fig. 8 .
It is mentioned that in this work we have only considered the diffusion of the kinesin monomer in two dimensions, one along a protofilament of MT (longitudinal direction) and the other one in the vertical direction. In fact, the kinesin can also diffuse in the other direction (transverse direction) on the surface of MT in weak ADP state. This will lead to the kinesin wandering on the MT surface besides the net unidirectional diffusion towards the plus MT end [45] . This is different from the conventional dimeric kinesin that almost always walks along one protofilament, which is due to the fact that the equilibrium position of the detached head is much closer to the next binding site on the same protofilament than to those sites on the other neighboring protofilaments. Furthermore, similar to the asymmetric potential along the longitudinal direction of MT, the potential along the transverse direction of MT may also be asymmetric, which should result in a net unidirectional movement along the transverse direction of MT. Thus in MT-gliding experiment with fixed kinesin monomers, the MT will rotate in one direction besides the longitudinal movement [66] . The quantitative calculations of the rotation of MT driven by fixed single-headed kinesins will be the subject of further study.
In the future, it is expected to verify the argument that the local MT conformational change induced by the strong binding of kinesin in rigor state results in a much weaker interaction between MT and the ADP-kinesin just after Pi release. We suggest an experiment as follows. In one assay, MT is preincubated with nucleotide-free KIF1A of very high density so that almost all the MT tubulin heterodimers are bound strongly by KIF1A. After adding ATP into the solution, it is expected that the kinesin molecules will detach from MT after ATP hydrolysis and Pi release because the affinity of MT for ADP-kinesin becomes very weak at almost all the affected binding sites on MT surface. In another assay, when mixing MT with preincubated ADP-kinesin complex, one should observe the cosedimentation between the ADP-kinesin and MT because the interaction of the ADP-kinesin with the unaffected MT is not weak.
